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An observed minimum in the critical crack initiation load at Poisson’s ratio (ν) of 0.21–0.22 
in Na2O–TiO2–SiO2 glasses was investigated. Vickers indentation was used to examine 
hardness and average cracking length, fracture toughness was measured through the 
single-edge pre-cracked beam method, and volumes of densification and shear flow 
around indents were measured using atomic force microscopy. Relations between the 
critical crack initiation load and hardness, average crack length, fracture toughness, 
and the volume fractions of densification and shear flow were studied. No correlations 
were observed between hardness, average crack length, or fracture toughness with 
the critical crack initiation load. A link between the minimum in crack initiation load and 
a change in deformation mechanisms (densification versus shear flow) was observed.
Keywords: sodium–titanium–silicate glass, crack initiation load, Poisson’s ratio, densification, shear flow
inTrODUcTiOn
Understanding structure–property relationships in glasses remains a distinct challenge in designing 
new glasses for specific applications (Mauro et al., 2014). In the pursuit of developing ultra-strong 
glasses, an improved understanding of what structural characteristics and properties contribute to 
either hindering or promoting crack initiation and propagation in glasses is of great importance 
(Wondraczek et al., 2011). Lewandowski et al. (2005) observed an interesting correlation between 
fracture energy and Poisson’s ratio (ν) in oxide and metallic glasses, where a brittle-to-ductile transi-
tion occurs at ν = 0.31–0.32. Rouxel et al. (2014) developed indentation cracking maps to predict 
driving forces for cracking in glasses. They found a critical value at ν ≈ 0.21–0.23 where the indenta-
tion stress field was greatly reduced during indentation, as well as a transition from easily damaged 
to highly resilient glasses at ν = 0.33 (Rouxel, 2015).
In a recent study by the authors, an unexpected trend was observed, where the critical load 
(Pc) for initiating cracks at the corners of Vickers indentations went through a minimum as the 
Poisson’s ratio was increased from 0.18 to 0.24 in Na2O–TiO2–SiO2 glasses (Scannell et al., 2015), 
with the minimum occurring at ν = 0.21–0.22. This behavior is not anticipated by the driving forces 
maps developed by Rouxel et al. (2014), which predict that the driving forces for radial cracking 
should increase with the Poisson’s ratio across the examined range (0.18–0.24). While driving forces 
for median cracks should decrease over this range, this minimum is not observed in other glass 
systems (Kato et al., 2010; Sellappan et al., 2013), and thus driving forces alone cannot explain the 
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cracking behavior. The purpose of this study is to investigate 
this behavior further. Different hypothesis are examined in the 
present work to explain this minimum of Pc. It is likely that as 
the glass response changes from primarily deforming through 
densification to shear flow, an intermediate region could exist 
where the competing deformation mechanisms result in an 
increase in residual stresses around the indent, consistent with 
the bell-shaped curve for the residual stress intensity factor as a 
function of ν [ξ in Fig. 5 in Rouxel (2015)]. Since both the defor-
mation mechanism and fracture toughness are dependent on the 
composition, it is possible that a change in fracture toughness 
could compensate for changes in the driving forces for cracking. 
It is also possible that as the driving forces for radial and lateral 
cracks increase and those for median and conical cracks decrease 
with increasing ν, more energy could be dissipated through the 
formation of more and longer radial cracks. To investigate these 
possibilities, Na2O–TiO2–SiO2 glasses of the same compositions 
in Scannell et al. (2015) were examined. The hardness and average 
crack length were investigated through Vickers indentation, the 
fracture toughness was measured through the single-edge pre-
cracked beam method (SEPB), and the volume fractions of shear 
flow and densification around Vickers indents were measured 
using atomic force microscopy (AFM). A structural model was 
proposed to explain the minimum in crack initiation load and a 
change in deformation mechanisms (densification versus shear 
flow) under indentation.
eXPeriMenTal
This work follows on our previous work. For a more detailed 
discussion of glass synthesis, sample preparation, and indenta-
tion experiments, please refer to Scannell et  al. (2015). A brief 
summary of the previous work is provided here, with further 
experiments described in detail.
Glasses with compositions of (x)Na2O–(y)TiO2–(1 − x − y)
SiO2, where x = 10, 15, 20, and 25 and y = 4, 7, and 10 mol%, were 
synthesized through a traditional melt-quench method. Powders 
were melted at 1,500°C, poured at 1,700°C, and annealed for 1 h 
at 600°C. Samples were prepared by cutting with a diamond saw, 
grinding with Al2O3 papers, and polished to an optical finish with 
a CeO2 slurry. The elastic moduli were measured using Brillouin 
light scattering (Scannell et  al., 2016). A summary of the glass 
compositions examined and their mechanical properties is seen 
in Table 1.
For Vickers indentation experiments, samples of 10  mm × 
10  mm  ×  4  mm were prepared with two parallel, optically 
polished surfaces. Ten indents were made at 49, 9.8, 4.9, 2.9, 1, 
and 0.5 N each. Indents were imaged optically or using an SEM, 
depending on their size. For each indent, the number of cracks 
originating from the corners of the Vickers indent was counted, 
and an exponential fit of load versus number of cracks was used 
to find the critical loads to initiate two or four cracks. The crack 
lengths and indent diagonals were measured under an optical 
microscope. Vickers hardness and the average crack length were 
calculated for each load.
To determine whether the presence of water affected the trend 
observed in the crack initiation load, 10 Vickers indents were 
made on a sample of each composition at 9.8, 4.9, 2.9, 2.0, and 
0.5 N in a nitrogen atmosphere. The number of cracks around 
each indent was counted 15 min after indentation, with the sam-
ples kept in the nitrogen atmosphere continuously. Additionally, 
three samples, namely, 10 Na2O–7 TiO2–83 SiO2, 15 Na2O–7 
TiO2–78 SiO2, and 25 Na2O–7 TiO2–68 SiO2, were soaked in 
toluene to remove water present in the surface of the glass and 
then indented in a nitrogen atmosphere. With increasing Na2O 
content, the load decreases from 10 to 15 Na2O, increases slightly 
from 15 to 20 Na2O, and then increases significantly between 
20 and 25 Na2O. This behavior matches the previously observed 
behavior in indentations made in air (Scannell et al., 2015).
Densification and shear flow under the Vickers indents were 
examined by making 0.5  N Vickers indents on samples with 
dimensions of approximately 5 mm × 5 mm × 1 mm with paral-
lel, optically polished surfaces. A 0.5 N load was chosen to still 
have a relatively large indent while mostly avoiding cracking in 
all samples. Ten indents were made on a sample of each composi-
tion, and the indentation profiles were mapped using an AFM. 
The samples were then annealed at 0.9 Tg (K) for 1 h, and the 
indentation profiles were mapped again. Volume of the pileup 
above the glass surface and volume of the indentation below 
the surface were calculated from the indentation profiles using 
Gwyddion (Necas and Klapetek, 2012) for both pre- and post-
annealing measurements. The volumes of permanent deforma-
tion that occurred through densification and through shear flow 
were calculated by Eqs 1 and 2, respectively,
 V V V V Vd i a a i= −( ) + −( )− − + + , (1)
 V V V V V Vs i d i a a= − = + −
− + − + ,  (2)
where Vd is the densified volume, Vs is the volume deformed 
through shear flow, V− is the volume of the indent before (i) and 
after (a) annealing, and V+ is the pileup volume (see Figure 1). 
Further discussion on this type of analysis has been done by 
Yoshida et al. (2007) and Sellappan et al. (2013). An important 
distinction between the shear volume calculated here and that 
calculated by Sellappan et  al. is that the shear volume here 
includes all volume deformed through shear, both upward 
resulting in pileup and downward resulting in residual stresses, 
while Sellappan et al. only included the shear flow upward that 
contributed toward pileup. The Na2O–TiO2–SiO2 system appears 
particularly susceptible to shear flow downward with negligible 
amounts of pileup around indents prior to annealing, similar to 
some of the indent profiles observed by Kato et al. (2011). Thus, 
only a portion of the shear volume reported here contributes 
toward relaxing the deformed volume, while the remainder 
contributes toward residual stresses.
Fracture toughness of glasses was measured through the SEPB 
method (Nose and Fujii, 1988) for four glasses with 4 mol% TiO2 
and 10, 15, 20, and 25 mol% Na2O. For SEPB experiments, sam-
ples were prepared as 30 mm × 4 mm × 3 mm bars. All four sides 
of the bars were polished to an optical finish, with the opposite 
sides polished to be parallel to within ≤50 μm. The ends were 
polished to an optical finish so that it was possible to see through 
the bar to observe the pre-crack growth. To make the initiation 
FigUre 2 | schematic of the experimental setup used to generate a 
pre-crack in a glass bar for single-edge pre-cracked beam method test.
FigUre 1 | schematic of a Vickers indent profile before (solid) and 
after (dotted) annealing.
Table 1 | elastic moduli of na2O–TiO2–siO2 glasses measured through brillouin light scattering and density measured through the archimedes method 
(scannell et al., 2016).
glass composition (mol%) Young’s modulus (gPa) bulk modulus (gPa) shear modulus (gPa) Poisson’s ratio Density (g/cm3)
10 Na2O–4 TiO2–86 SiO2 69.0 36.2 29.2 0.182 2.358
10 Na2O–7 TiO2–83 SiO2 71.0 37.3 30.0 0.183 2.405
10 Na2O–10 TiO2–80 SiO2 75.3 40.6 31.6 0.191 2.423
15 Na2O–4 TiO2–81 SiO2 67.6 37.9 28.1 0.203 2.404
15 Na2O–7 TiO2–78 SiO2 70.0 40.2 28.9 0.210 2.456
15 Na2O–10 TiO2–75 SiO2 70.8 41.2 29.2 0.214 2.507
20 Na2O–4 TiO2–76 SiO2 63.6 38.2 26.0 0.223 2.455
20 Na2O–7 TiO2–73 SiO2 65.6 40.6 26.7 0.231 2.500
20 Na2O–10 TiO2–70 SiO2 67.5 42.8 27.3 0.237 2.516
25 Na2O–4 TiO2–71 SiO2 61.8 40.3 24.8 0.244 2.498
25 Na2O–7 TiO2–68 SiO2 63.7 41.6 25.6 0.245 2.514
25 Na2O–10 TiO2–65 SiO2 67.4 43.5 27.2 0.242 2.581
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of the pre-cracks more reliable, a series of 9.8 N Vickers indenta-
tions were made in a line along the middle of the bottom face 
perpendicular to the length direction. Indentations were at a load 
where radial–median cracks regularly occurred with a minimum 
of other forms of cracking (lateral/conical/chipping). Indents 
were spaced approximately 30–40 μm apart.
The sample was placed between two tungsten carbide bars, the 
bottom of which had a gap in the middle (Figure 2). This gap 
was aligned with the line of indents so that when a compressive 
stress was applied a crack would grow stably at the indentations. 
A Lloyd tester was used to load the sample, moving at 0.2 mm/
min until 10 N was reached, then at 0.1 mm/min up to 200 N, and 
finally at 0.05 mm/min until the loading was manually stopped. 
By looking through the polished end of the bar using a camera, it 
was possible to observe the pre-crack growth. Loading was halted 
when the pre-crack had grown horizontally across the entire bot-
tom surface of the sample and vertically was 20–40% of the height 
of the bar (~1–1.5 mm).
The fracture toughness of the pre-cracked bar was measured 
through a three-point bend test. Deflection and load were 
recorded every 0.05 s. Fracture toughness was calculated using 
Eq. 3:
 K Ya
PL
BWIC
=
( )
( )
1
2
2
3
2
, (3)
where Y is a geometric factor dependent on the a/W ratio for 
4 ≤ L/W ≤ 8 (Srawley, 1976), P is the maximum load, B is the 
width, W is the height, L is the loaded span (20 mm), a is the 
pre-crack length, and KIC is the fracture toughness.
The brittleness of the glass samples were calculated following 
the work of Sehgal and Ito (1999) using Eq. 4:
 B P c
a
= 



−γ 1 4
3 2/
,  (4)
where C is the crack length, P is the indentation load, a is the 
indentation diagonal, and the geometric factor γ = 2.39 N1/4/μm1/2. 
Brittleness was calculated using average values for crack length 
and indentation size at 2.94, 4.9, 9.8, and 49 N loads.
Experimental error for all measurements is given as the SD 
of measured values. Vickers hardness was measured 10 times at 
each load for each composition, average crack lengths are of all 
measured cracks for that load/composition, with a maximum of 
40 cracks being averaged, densification and shear flow volumes 
were measured at 10 indents for each composition, and fracture 
toughness was measured 4–8 times at each composition. Some 
fracture toughness measurements were excluded based on a 
FigUre 4 | average crack length at the corners of Vickers indents 
versus Poisson’s ratio. Error bars represent the SD across all cracks 
measured at each load. Lines are guides for the eyes.
FigUre 3 | hardness versus Poisson’s ratio for na2O–TiO2–siO2 
glasses. Hardness at 4.9 N load is shown. Error bars represent SD across 
10 measurements for hardness and 5 measurements of each composition for 
Poisson’s ratio. Line is a guide for the eyes.
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variety of criteria, which will be discussed in more detail in the 
following section.
resUlTs
The hardness of Na2O–TiO2–SiO2 glasses versus Poisson’s ratio 
is shown in Figure 3. These data were presented previously in a 
tabular form with hardness versus composition (Scannell et al., 
2015). The 4.9 N loads are of particular interest because that is 
where four radial/median cracks are initiated at the corners of 
the Vickers indents consistently, for all compositions, without 
the generation of significant lateral or conical cracking. Scatter 
in hardness measurements was quite large, but a weak trend of 
decreasing hardness with Poisson’s ratio is observed. This trend 
mainly follows the increasing Na2O content, which depolymerizes 
the network and reduces the stiffness of the network (Table 1), 
with changes in TiO2 not showing a clear trend in how it changes 
hardness.
Figure  4 shows the log of average crack length of radial/
median cracks originating from the corners of Vickers indents 
at 2.9, 4.9, 9.8, and 49 N. Log of crack length increases linearly 
with increasing Poisson’s ratio. A few glasses, at ν = 0.183, 0.196, 
and 0.235, have much lower observed crack lengths at 2.9 and 
4.9 N. It is difficult to tell if these extremely small average crack 
lengths are representative. These glasses are the most resist-
ant to crack initiation, and particularly at 2.9  N many of the 
indents had no visible cracking. It is possible for these glasses 
that cracks that formed did not exit the surface completely. It 
should be noted that the error bars were not calculated on a 
log scale, so the error bar above each point is smaller than that 
below the point.
Fracture toughness of Na2O–TiO2–SiO2 bars is plotted versus 
Poisson’s ratio in Figure 5A. Samples with 4 mol% TiO2 and 10, 15, 
20, and 25 Na2O were measured. The fracture toughness appears 
to decrease slightly with increasing Poisson’s ratio; however, the 
decrease is significantly lower than the experimental error. Error 
bars represent the SD across three to six measurements made at 
each composition. Figure 5B shows the load versus displacement 
curve for SEPB measurements, which exhibit an unstable crack 
extension. Unstable crack extension is seen by the sudden failure 
in the load versus displacement curve and has been shown to 
provide more reliable fracture toughness measurements (To et al., 
2016). A large variation in the maximum load and deflection of 
samples is seen in Figure 5B. This variation corresponds to dif-
ference in the length of the pre-crack. While most measurements 
were fairly consistent, values of fracture toughness were found 
to deviate significantly if the pre-crack was smaller than ~20% 
or greater than 80% of the sample bar height, or if the pre-crack 
did not form perpendicular to the bar length, or if the length 
to height ratio, L/W, was not between 4 and 8. Samples that fell 
into these categories were not included in the values presented 
in Figure 5A.
Results of the AFM indentation recovery experiments are 
shown in Figures  6A,B. The densification and shear volumes 
were calculated using Eqs 1 and 2, and the deformation volume 
fractions are defined as the densification volume (Vd) and the 
shear volume (Vs) divided by the indent volume before annealing 
( )Vi
− , respectively. The volume assigned to shear flow increases 
slowly with Poisson’s ratio between 0.18 and 0.23, from 4.5 to 
6.4 μm3. At ν = 0.237, there is a large jump in sheared volume 
FigUre 5 | continued 
(a) Fracture toughness versus Poisson’s ratio. SiO2 fracture toughness was 
taken from literature (Sehgal and Ito, 1999; Sellappan et al., 2013). Line is 
added for a guide to the eyes. (b) Representative load versus displacement 
curves of single-edge pre-cracked beam method experiments.
FigUre 5 | continued
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to 12.9 μm3. The densification volume also increases slowly with 
Poisson’s ratio between 0.18 and 0.23, from 13.2 to 16.5 μm3. Then 
the densification volume decreases rapidly between 0.23 and 
0.24. However, while the magnitude of the deformation volumes 
changed, the relative fractions of densified volume and shear vol-
ume remain almost constant until ν = 0.237, where the shear and 
densified volume fractions almost switch in relative magnitude.
Atomic force microscopy images of Vickers indents in 10 
Na2O–7 TiO2–83 SiO2 (ν =  0.183), 15 Na2O–7 TiO2–78 SiO2 
(ν = 0.210), 20 Na2O–4 TiO2–76 SiO2 (ν = 0.232), and 25 Na2O–10 
TiO2–65 SiO2 (ν = 0.237) glass before and after annealing can be 
seen in Figure  7. Pileup around the indents is minimal before 
annealing but becomes large after annealing, especially in the first 
three glasses. Recovered volume can also be seen in a decreased 
depth of the indent and along the indent sides. The corners of 
the indents show relatively little change before and after anneal-
ing. The volume recovered after annealing at the bottom of the 
indent, along the sides, and the increased pileup are the volume 
deformed through densification. The remaining indent volume 
was deformed through shear flow. A larger sheared volume can 
be clearly seen in 25 Na2O–10 TiO2–65 SiO2 (ν = 0.237) glass. 
As is visible from the relatively little pileup before annealing, 
most of the volume deformed through shear flow was pushed 
downward. This volume would contribute to residual stresses 
around the indent. It should also be noted that the last 0.5–1 µm 
of the Vickers indenter tip is blunted, which is still within the 
manufacturer specifications. According to studies by Gross 
(2012) and Yoshida et al. (2012), the effectively blunter tip should 
promote an increased amount of densification, lower residual 
stress, and higher radial surface stress. It could have an impact 
on the magnitude of the densification and shear flow measured 
through AFM and annealing experiments but should not change 
any overall trends observed.
DiscUssiOn
From our previous study (Scannell et al., 2015), it was observed 
that the ratio of Young’s modulus to hardness (E/H) increased 
with increasing Poisson’s ratio, suggesting that driving forces for 
radial and lateral cracks should be larger at higher ν (Yoshida 
et  al., 2007). Additionally, the fraction of energy that was 
irreversible in the indentation process was found to increase 
from ν = 0.18 to 0.22 then to decrease slightly with ν (Scannell 
et  al., 2015). A greater fraction of irreversible energy used to 
generate the indent could indicate several things: there is an 
increase in the ability of the glass to deform (either through 
densification or shear flow), an increase in the amount of energy 
used for the generation of cracks around the indent, and/or an 
increase in the residual stresses around the indent. Possible 
explanations for this minimum in the critical crack initiation 
FigUre 6 | (a) Densification and shear volumes and (b) densification and shear volume fractions for 0.5 N Vickers indents versus Poisson’s ratio. Solid symbols 
correspond to densification and open symbols to shear flow.
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load will be discussed with regard to the data presented here 
and in literature.
The decrease in hardness (Figure 3) with increasing Poisson’s 
ratio indicates that the size of the indentation is increasing. 
This hardness change corresponds to the increase in the Na2O 
content in the glass, with no consistent change observed between 
different TiO2 contents. A decrease in hardness with increasing 
Na2O content, and therefore Poisson’s ratio, is expected as Na2O 
depolymerizes the glass network, reducing the stiffness and 
making it more susceptible to deformation. While an increased 
hardness generally corresponds to greater fracture toughness, 
this is complicated when multiple deformation mechanisms are 
present (Lawn and Marshall, 1979). Reports on glasses with high 
crack resistances show that hardness does not directly correlate 
with fracture toughness or crack resistance (Sehgal and Ito, 1998, 
1999; Kato et al., 2010). Sehgal and Ito (1999) did observe a cor-
relation between the crack initiation load and a brittleness factor. 
Calculating the brittleness from the indentation in Na2O–TiO2–
SiO2 glasses, a weak trend of increasing brittleness with increasing 
Poisson’s ratio is observed for 9.8 and 49 N loads (Figure 8A). At 
4.9 and 2.94 N loads (Figure 8B), this trend is not clearly visible. 
The scatter in the brittleness values is quite high and does not 
follow the trend of the crack initiation load, suggesting that brit-
tleness may not work particularly well for characterizing these 
glasses. Additionally, the analysis of brittleness in these glasses at 
4.9 and 2.94 N loads is somewhat questionable. At these loads, the 
crack length is approximately equal to or shorter than the inden-
tation diagonal. Lawn and Marshall (1979) pointed out that this is 
where the mechanical response transitions from being hardness 
controlled to toughness controlled. Thus, the long-range assump-
tions on fracture toughness used in the calculation of brittleness 
are not as reliable at low loads where short cracks occur.
The indentation diagonals are roughly 30, 45, 65, and 150 μm 
in length at 2.94, 4.9, 9.8, and 49 N loads. Looking at the aver-
age crack lengths over a range of loads versus Poisson’s ratio 
(Figure 4), we see that the crack length quickly grows to be larger 
than the indent diagonal, but they are quite comparable at low 
loads. The average crack length appears to increase logarithmi-
cally with increasing Poisson’s ratio, with a few exceptions at 2.94 
and 4.9 N loads where the crack length is significantly shorter. 
But this reduced crack length does not occur for all glasses that 
have crack lengths approximately equal to the length of the inden-
tation diagonal. So while the relative sizes of the crack lengths 
and indent diagonals are related to the brittleness, they are likely 
not the explanation for the unusual cracking behavior. Even at 
higher loads, where the brittleness calculations are reliable, and 
it increases with increasing Poisson’s ratio, it does not show any 
relationship with the crack initiation loads. Similar findings have 
been reported by Kato et al. (2010) for a variety of commercial 
glasses.
The fracture toughness, KIC, remains approximately constant, 
possibly decreasing slightly, with increasing Poisson’s ratio. This 
change directly follows an increase in the Na2O content, which 
corresponds to an increase in the number of weaker interatomic 
bonds in the network. This would be expected to promote an 
easier path to fracture, so a slight decrease in the fracture tough-
ness would be expected. These values approximately match 
literature values of glasses with similar compositions (Sehgal and 
Ito, 1998, 1999; Kato et al., 2011). The fracture toughness does 
not appear to have any correlation with the minimum observed 
in the critical crack initiation load. This is in agreement with the 
findings of Kato et al. (2010).
The minimum in crack initiation load is roughly predicted by 
models by Lawn and Marshall (1979) and Hagan (1979), which 
follow the form of
 P C K
Hc
IC=
4
3 , (5)
where Pc is the crack initiation load, C is a constant, H is the hard-
ness, and KIC is the fracture toughness. Lawn and Marshall used 
FigUre 7 | atomic force microscopy (aFM) images of 10 na2O–7 
TiO2–83 siO2 (ν = 0.183), 15 na2O–7 TiO2–78 siO2 (ν = 0.210), 20 na2O–4 
TiO2–76 siO2 (ν = 0.232), and 25 na2O–10 TiO2–65 siO2 (ν = 0.237) glass 
before and after annealing. AFM image dimensions are 
20 μm × 20 μm × 0.5 μm at a 45° angle.
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a value of C = 2.2 × 104 and Hagan used C = 885, where the dif-
ference in the constant C arises from different assumptions about 
the maximum operating stresses. Crack initiation loads from 
our experiments and both models are shown in Figure 9. These 
models assume the existence of subsurface flaws at the plastic–
elastic boundary, which either exist prior to indentation (Lawn 
and Marshall) or are nucleated during the indentation (Hagan). 
These models predict the minimum load to initiate a crack in the 
material, so it would be expected that they would predict a lower 
load than required to initiate four cracks. Lawn and Marshall’s 
model actually predicts higher loads because their value of C does 
not include the possibility of flaws nucleating during indentation. 
These models also assume that the material behaves in a purely 
elastic–plastic manner. As our glasses follow the trend predicted 
by the models, this suggests that these glasses are structurally 
inhomogeneous at some level and exhibit inhomogeneous shear 
flow when indented (Hagan, 1980). Inhomogeneous shear flow 
occurs as shear flow lines intersect and can create defect sources, 
promoting crack initiation.
Kato et  al. (2010) did observe a correlation between the 
crack resistance and the recovery of indentation depth (RID). 
RID is a measure of the change in depth of the Vickers indent, 
which effectively estimates the fraction of deformation volume 
created through densification. In their study, glasses with a 
greater amount of densification were found to have higher crack 
resistance. Volume recovery of indentations has been observed to 
have a dependency on the indentation load but becomes almost 
constant at loads above 0.50 N (Yoshida et al., 2007). Indentations 
examined in this study were performed at 50 gf, so it is unlikely 
that indentation size effect has a significant influence on the den-
sification volumes observed. The densification volume increases 
from 13.1 to 16.5 μm3 as Poisson’s ratio increases from 0.18 to 
0.23; however, the percentage of densification remains effectively 
the same (Figure 6). As the densification volume increases the 
load to initiate cracks decreases. At the same time, the volume 
of materials deformed through shear flow increases from 4.5 to 
6.4 μm3. At ν >  0.235, the observed densified volume starts to 
decrease rapidly, while the sheared volume continues to increase 
gradually. At ν = 0.237, the fractions of densification volume and 
sheared volume change roles, with the fraction of densification 
volume becoming smaller than the sheared volume.
The transition between densification and shear flow at 
ν =  0.237 matches the decrease in volume recovery at indents 
observed by Sellappan et al. (2013). However, the increase in crack 
initiation load between ν = 0.23 and 0.24 does not. Sellappan et al. 
(2013) and Kato et al. (2010) both observed a decrease in the load 
to initiate cracks with a decrease in the volume recovery ratio. 
Aakermann et al. (2015) observed a decrease in the crack resist-
ance of mixed alkali aluminosilicate glasses when compressed, 
which they attributed to a change in the volume ratio of the two 
permanent deformation mechanisms. It is interesting that the 
observed minimum in crack initiation load is not accompanied 
by a change in the relative fractions of densification and shear 
flow, but rather that the change happens just after the minimum 
ends and the crack initiation load increases.
The change in the deformation mechanisms between the 20 
and 25 Na2O glasses should be accompanied by a significant 
change in the structure. This could be caused by the formation 
of 2D regions with high concentrations of weaker bonds, as per 
the percolation model suggested by Farges et al. (1996). Example 
structural models for Na2O–TiO2–SiO2 glasses are shown in 
Figure 10. Ti is drawn as being primarily fivefold coordinated 
in these models for simplicity, which was the dominant coor-
dination found by Farges (1999), Henderson et al. (2002), and 
FigUre 9 | crack initiation load versus Poisson’s ratio for na2O–TiO2–
siO2 glasses measured experimentally (black) (scannell et al., 2015) 
and calculated (red) from eq. 4. Dashed lines are an exponential fit of data 
and act as a guide to the eyes.
FigUre 8 | brittleness of glasses versus Poisson’s ratio for (a) 49 and 9.8 n and (b) 4.9 and 2.9 n. Brittleness was calculated using the method described 
by Sehgal and Ito (1999).
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Reynard and Webb (1998). In the 10 Na2O–10 TiO2–80 SiO2, 
15 Na2O–4 TiO2–81 SiO2, 15 Na2O–10 TiO2–75 SiO2, and 20 
Na2O–10 TiO2–70 SiO2 glasses, Ti only has a slight tendency 
to form clusters and clusters are isolated. At 25 Na2O, Ti has a 
stronger tendency to form clusters. In the 25 Na2O–10 TiO2–65 
SiO2 glass, clusters are longer and more interconnected than 
those in the 25 Na2O–4 TiO2–71 SiO2 glass. In the 10 and 15 
Na2O glasses, Na atoms are well dispersed throughout the glass 
structure, they become slightly concentrated in the 20 Na2O glass 
and more so along the interconnected Ti clusters in 25 Na2O 
glasses. Addition of Na2O gradually depolymerizes the silica 
network, Ti shields Si to some extent by attracting Na to form 
Ti-, Na-rich clusters.
Formation of Ti-, Na-rich clusters with a local, high packing 
density and number of non-bridging oxygen would be more 
susceptible to shear flow, but a sufficient concentration of these 
clusters would need to exist before shear flow could occur on a 
large scale. This is seen in the large jump in shear flow volume 
at ν = 0.237 as the TiO2 content is increased from 4 to 10 mol% 
at 25 Na2O. The small change in deformation volumes between 
ν = 0.18 and 0.23 suggests that there is relatively little difference 
in how the insolated Ti-, Na-rich clusters and the SiO2 network 
respond to deformation. A possible alternative explanation for 
the effectively constant volume fractions is the promotion of den-
sification by shear flow, which has been observed in silica glass 
(Mackenzie, 1963). If this is also the case in our glasses, when the 
shear flow is large but not quite at the critical level, it is possible 
that the increased shear flow facilitates the densification of glass 
underneath the indent. This could explain why the fractions of 
densification and shear flow remain effectively constant as the 
volume fraction of Ti-, Na-rich clusters increases.
Before Ti-, Na-rich clusters become interconnected, and 
the longer range shear flow across clusters is possible, shear 
of these clusters would be localized, possibly explaining the 
negligible pileup before annealing and the large amount of 
shear deformation underneath the indent (Figure  7). This 
shear volume contributes directly to the residual stresses that 
promote crack growth. Above the critical level of Ti-, Na-rich 
cluster concentration, the longer range shear flow becomes 
much easier, relieving stress under indentation. It also becomes 
the dominant deformation mechanism to dissipate energy, 
thus the crack initiation load increases. This would explain the 
FigUre 10 | structural models for na2O–TiO2–siO2 glasses.
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minimum observed in the crack initiation load as observed in 
Figure 9. Once initiated, cracks can propagate easily through 
interconnected Ti-, Na-rich clusters (weak regions), which 
explains the increase of crack length with increasing Poisson’s 
ratio (Figure 4).
The above observations show the complexity in the deforma-
tion and cracking of glass under indentation and indicate the 
importance of illustrating the microscopic origins of densifica-
tion and shear flow and the interplay between the two in order 
to fully understand the behaviors of glass under sharp contact 
loading. Not only the amount of shear deformation but also its 
location and/or length scale seem to play a role in determining 
the crack initiation and propagation in glass under indentation. 
The structural mechanisms by which shear flow would promote 
densification during indentation are not fully understood. To the 
authors’ knowledge, specific structural mechanisms have only 
been attributed in the silica glass system. Rouxel (2015) discusses 
the relationship between shear flow, pressure, and densification, 
mainly focusing on silica, but also extending his discussion to 
silicate glasses in general.
cOnclUsiOn
A minimum in the critical crack initiation load at ν = 0.21–0.22 
was investigated. Hardness decreased slightly with increasing 
Poisson’s ratio, from ~5.5 to ~4.5 GPa. Crack length increased 
with increasing Poisson’s ratio, approximately doubling 
between ν of 0.18 and 0.24. The fracture toughness did not 
change appreciably with changing Poisson’s ratio, remaining 
at 0.6 ± 0.1 MPa m1/2. No correlations between the minimum 
in crack initiation load and hardness, crack length, or fracture 
toughness were observed.
The volume fractions of glass deformed through shear flow 
and densification were found to remain relatively constant with 
Poisson’s ratio between 0.18 and 0.235, with a sharp decrease 
in densification and increase in shear flow between 0.235 and 
0.237. This accompanies the composition change of 4–10 mol% 
TiO2 at 25 Na2O. A structural model has been proposed in 
which Ti-, Na-rich clusters increase in population and become 
more and more interconnected with increasing Na2O and TiO2 
content. Initial formation of these clusters acts to increase 
localized shear flow beneath the indenter, increasing residual 
stress and promoting crack formation until shear flow can 
take place over longer ranges via interconnected Ti-, Na-rich 
clusters, relieving stress and increasing crack initiation load. 
Meanwhile, interconnected Ti-, Na-rich clusters form weak 
regions in the glass matrix to facilitate crack propagation once 
initiated.
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